Introduction
Nanoplatelets (NPLs) are semiconductor nanostructures that have a precisely defined and small thickness in one dimension, typically just a few atomic layers, and are much larger in the other two dimensions. With regard to their optical properties, NPLs are essentially bulk-like in the two large dimensions (almost no quantum confinement) but are strongly quantum confined in the thin dimension. Because the thickness in the quantum confined dimension is constant over most of the NPL, there is very little inhomogeneous broadening of the lowest excitonic transition and their absorption and emission spectra are much sharper than can be achieved with quantum dots (QDs). For this and other reasons there has been an explosion of interest in studying these structures since the synthetic protocols for producing CdSe NPLs were established. NPLs have now been synthesized from several semiconductor materials, both in pure form and as core-shell and core-crown heterostructures, as well as alloys. There are well established synthetic protocols for producing CdSe NPLs with thicknesses of 3.5, 4.5, 5.5, 6.5, 7.5, and 8.5 layers (both faces of the platelet are cadmium-terminated), which have their lowest excitonic absorptions at about 460, 512, 552, 581, 604, and 623 nm, respectively. [1] [2] [3] [4] [5] [6] In this work we focus on the 4.5 layer thick structures absorbing near 512 nm.
The optical absorption spectra of CdSe NPLs consist of a very sharp low-energy peak, a broader peak 1000-1300 cm -1 to the blue, and a weakly structured continuous absorption at higher energies. The two resolved peaks are attributed to the transitions from the tops of the heavy-hole and light-hole valence bands, respectively, to the bottom of the conduction band, 4 although other transitions must also contribute as discussed below. The heavy-hole transition is very sharp, with a half-width at half-maximum on the low-energy side of only 140-160 cm -1 , about 2.5 times narrower than QD samples that are considered highly monodisperse. The narrowness of the absorption and emission spectra of NPLs indicates that the exciton-phonon 3 coupling (EPC) accompanying the heavy-hole transition must be relatively weak, but it is not obvious simply from the linewidths whether the EPC is smaller in NPLs than in QDs. The weak temperature dependence of the emission linewidth was used to conclude that the EPC in NPLs is greatly reduced compared to the bulk, and single-NPL emission spectra at low temperature reveal weak longitudinal optical (LO) phonon features with small Huang-Rhys parameters of S = 0.02 to 0.06. 7 Femtosecond pump-probe experiments on CdSe/CdS core/shell NPLs yield very small Huang-Rhys parameters of ~0.01 for the acoustic phonons. 8 Low-temperature ensemble emission spectra of CdSe NPLs show two peaks separated by approximately the energy of the longitudinal optical phonon, 4,6,9,10 but there are several reasons why these two peaks cannot reasonably be assigned as the 0⟶0 and 0⟶1 vibronic bands: the intensity ratio between the two peaks depends strongly on the lateral dimensions of the NPL, no peak corresponding to a 0⟶2 transition is observed even when the first two peaks are comparable in intensity, and the energy separation between the two peaks varies by more than the LO phonon energy. Alternative explanations are that these two transitions correspond to p-p and s-s transitions, respectively, 9 or that the lower-energy peak corresponds to emission from a charged exciton (trion). 6 Resonance Raman intensity analysis has been used to quantify EPC in several QD systems, where inhomogeneous broadening makes a large contribution to the observed electronic spectral width. [11] [12] [13] [14] A number of studies have reported resonance Raman spectra of CdSe NPLs, but no quantitative intensity analyses have been performed. Surface enhanced Raman spectra (SERS) of NPLs showed a 6 cm -1 downshift in the frequency of the longitudinal optical (LO) phonon relative to the unenhanced Raman spectra, which was attributed to excitation of LO phonons oscillating perpendicular to the plane in the SERS geometry. 15 Comparison of the resonant and nonresonant Raman spectra of three thicknesses of CdSe NPLs, quenched with 4 benzeneselenol and deposited as films, showed LO phonon shifts implying stronger coupling of the out-of-plane phonons to the resonant excitonic transitions. 16 The LO overtone to fundamental intensity ratio decreased with decreasing NPL thickness, suggesting weaker EPC in the thinner NPLs. Both Raman and infrared spectra of CdSe NPLs and their core/shell and core/crown structures with CdS have been reported. 17 Resonance Raman spectra of CdSe NPL films on copper show both the LO phonon and a low-frequency acoustic phonon near 30 cm -1 for the 4.5 layer structures. 18 Notably, none of these Raman experiments were carried out under conditions allowing measurement of the absorption spectra, so there is no assurance that the NPLs retained their structural integrity under the conditions employed to obtain the Raman spectra.
In this paper we present the first quantitative resonance Raman intensity analysis of CdSe NPLs. Working in solution under conditions where the absorption spectrum is not significantly perturbed by the ligands used to quench the strong fluorescence, we measure Raman spectra and resonance Raman quantum yields for 4.5 layer thick NPLs at several excitation wavelengths spanning the heavy-hole and light-hole transitions. Quantitative simulation of the absorption spectra and resonance Raman excitation profiles yields values for the exciton-phonon coupling strength. Resonance Raman depolarization ratios are also measured to gain insight into the optical anisotropy of these materials.
Experimental methods
CdSe nanoplatelets with a thickness of 4.5 layers were synthesized and purified largely as 
Computational methods
The computational simulations of the absorption spectra and resonance Raman intensities were carried out using the methods described in ref. 11, modified for the optical anisotropy in the nanoplatelet system. In quantum dots the optical anisotropy is small, although not zero as demonstrated by the Raman depolarization ratios, 11,13 and we assumed that each excitonic transition consists of a z-polarized component and a doubly degenerate xy-polarized component with a small energetic splitting. In NPLs there is strong quantum confinement in the z direction and weak quantum confinement in the xy plane, and the spectroscopy is often discussed as if x and y are degenerate. However, our Raman depolarization ratios described below show that this is not the case, which we attribute in part to the different local field factors along the x and y directions for NPLs with aspect ratios of about 4. The effective electric field felt inside the NPL, Eeff, is different from the incident (external) field, Einc, by a factor that describes the screening of the electric field by the dielectric constant of the NPL:
where is the local field factor along direction i. If the NPL shape is approximated as an ellipsoid with three different axes, the local field factor is given by 20
where and 0 are the dielectric constants in the semiconductor and in the solvent, respectively, and the "depolarization factor" is defined by
where , , and are the three semiaxes of the ellipsoid. For relative semiaxis lengths of 26, 6.2, and 1.37 appropriate for our NPLs, the depolarization factors are 0.0219, 0.156, and 0.814 along x, y, and z, respectively. The real part of the dielectric constant for bulk CdSe near 510 nm (2.43 eV) 21 is a little over 7 while the dielectric constant of chloroform is about 2.1. Therefore / 0 is about 3.4 and the local field factors are 0.99, 0.73, and 0.34 along x, y, and z, respectively. Since the electronic transition strength is proportional to the product of the transition dipole matrix element and the effective internal electric field, we can account for the 8 local field effect in the absorption and Raman calculations by using an effective transition dipole matrix element that is the product of the actual one and the local field factor.
When the x, y, and z directions are nondegenerate, eqs. (4) 
where
and the Raman polarizabilities, , are calculated as described in ref. 11 .
Results and discussion Figure 1 shows the absorption spectra of the NPLs in chloroform solution before and after quenching the fluorescence by adding 4MBT. The quenching ligand causes a small red-shift of the absorption spectrum, typical for thiol ligands bound to CdSe nanocrystals, and a slightly increased scattering background for low quencher concentrations and short times (a few hours needed to obtain the Raman spectra), although at longer times or at higher concentrations the quencher caused more pronounced broadening of the spectrum. The Raman excitation wavelengths used are also indicated in the figure. The LO phonon overtone near 407 cm -1 is considerably weaker than the fundamental at 514.5 nm excitation, but becomes slightly stronger than the fundamental with 501.7 nm excitation.
The NPL Raman spectra at all excitation wavelengths are strongly polarized. Table 1 summarizes the absolute Raman cross-sections for both the LO fundamental and its overtone, the LO fundamental depolarization ratio, and the peak frequencies of the LO fundamental and overtone at all five excitation wavelengths. We first discuss the LO fundamental and overtone frequencies. At all excitation wavelengths the LO overtone has its maximum at a frequency somewhat higher than twice the LO fundamental maximum. As positive anharmonicities are unusual, this probably arises from different normal modes contained within the LO phonon band contributing differently to the fundamental and overtone regions. The fundamental peak frequency also appears to vary slightly with excitation wavelength, increasing slightly at higher excitation energies. There is certainly precedent for this; phonon calculations on quantum dots indicate that the "LO phonon" consists of many different, nearly degenerate normal modes that are differentially enhanced at different excitation wavelengths, and this mechanism was invoked to explain the excitation wavelength-dependent LO phonon bandshapes in CdSe quantum dots. 22 However, interpretation of the NPL spectra at shorter excitation wavelengths is clouded by the possibility that the spectra in this region may be contaminated by other species such as QDs. The NPL synthesis always produces some QDs, which are difficult to remove completely while recovering enough material for the Raman measurements. The possible contribution of small CdSe QDs to the NPL Raman spectra at shorter wavelengths can be estimated by referring to our previous QD studies. 13 The early work of Efros et al. 4 assigned the strong, narrow peak near 512 nm and the broader band near 482 nm to the heavy hole/electron and light hole/electron components of the lowest energy exciton, respectively. The heavy hole transition consists of two doubly degenerate excitonic states, MJ = ±2 and MJ = ±1. The former are dark and the latter are bright, and they are split by just a few meV. 6 The light hole transition contains four excitonic states, MJ = ±1 and MJ = 0 (two states), all of which have some optically allowed character. The doubly degenerate states are expected to be xy polarized while the nondegenerate transitions are z-polarized. 25 These transitions all result from the fine-structure splitting of the lowest-energy spatial exciton, the one with no nodes. The next lowest-energy spatial exciton should be the p-type exciton that has one node along the x direction of the NPL, 26 and should also be split into heavy-hole and light-hole components having the same polarization behavior as for the lowest exciton. 25 This transition has been assigned to a feature in the low-temperature emission spectrum occurring about 150-300 cm -1 to the blue of the lowest excitonic emission depending on lateral dimensions, 9 although other assignments for this feature have also been suggested. 6 Numerous other excitonic transitions should occur at higher energies and contribute to the broad peak traditionally assigned to the light-hole component of the lowest exciton.
For the purposes of modeling both the absorption and resonance Raman spectra we include only the heavy-hole component of the two lowest spatial excitons. This is adequate for reproducing the Raman data excited at 514.5 and 501.7 nm, and for the reasons discussed above we do not attempt to model the higher-energy part of the spectrum. According to Scott et al. 25 the heavy hole transitions are xy degenerate, but when we take the local field factors into account, the effective relative transition dipole along the y direction is 74% of that along the x direction. As we expect similar envelope function overlaps for the two lowest spatial excitons, they were assumed to have the same transition dipoles. The lowest exciton was assigned a linewidth that best fits the sharp lowest-energy absorption feature, while the higher transition was assigned a larger linewidth consistent with the increased breadth of the features at higher energies. The best fit is obtained by assuming that the LO phonon has a small Huang-Rhys parameter (S = 0.08) in the lower excitonic state and S = 0 in the higher state, but the conclusion about the higher state is weak because we have not included other, higher-energy transitions that will interfere with it. This value for S is reasonably consistent with the values of S = 0.02 to 0.06 reported by Achtstein et al. from single-NPL emission spectra of 5.5 ML structures. 7 Table 2 summarizes the parameters used. In quantum dots, a major contribution to the electronic spectral breadth is the inhomogeneous broadening caused by variations in particle size and shape within the ensemble. Nanoplatelets are unusual in this regard because they exhibit significant quantum confinement in only one dimension (z) and this dimension is very well defined. This is why the heavy-hole transition is so sharp. However, there is certainly some amount of inhomogeneous broadening of the excitonic transitions from incomplete or extra layers near the edges of the NPLs, variations in the lateral dimensions which exhibit small but nonzero quantum confinement, or differences in ligand coverage. We have not included inhomogeneous broadening of the excitonic transitions in our model because we have no way to choose its value. Arbitrarily assuming a small (<100 cm -1 ) inhomogeneous width requires reducing the homogeneous width of the lowest heavy-hole transition and correspondingly also requires a slightly smaller Huang-Rhys parameter, but does not qualitatively change any of the conclusions.
Resonance Raman spectroscopy allows direct access only to the higher-frequency optical phonons, those above about 100 cm -1 . The lower-frequency acoustic phonons are not observable in resonance Raman spectra in room-temperature liquids for several reasons: interference from elastically scattered laser light and from the Rayleigh-Brillouin scattering from the solvent, the expected breadth of these transitions resulting from large thermal populations coupled with some vibrational anharmonicity, and the usual dependence of low-frequency resonance Raman intensities on ℎ 2 . 28 An acoustic mode with a frequency of ℎ = 20 cm -1 would be two orders of magnitude weaker than an LO phonon with the same Huang-Rhys parameter. (Acoustic phonons in NPLs have, however, been observed both through frequency-domain Raman spectroscopy in solid films 18 and through ultrafast pump-probe experiments. 8 ) Although we do not observe the acoustic phonons directly, their EPC contributes to the overall breadth of the excitonic transition as expressed by the homogeneous linewidth of each transition. The large increase in homogeneous width from the lowest heavy-hole transition to higher-energy transitions may be indicative of stronger coupling to acoustic phonons, but we cannot separate that mechanism from other sources of electronic dephasing or spectral congestion.
The absorption spectrum above 20,000 cm -1 is complex and cannot be explained strictly in terms of the heavy-hole and light-hole components of the lowest spatial excitons predicted by a simple particle in a box model. In this simple model the only allowed transitions should be those for which the electron and hole have the same spatial envelope function. For our lateral dimensions and reasonable values of the electron and hole effective masses, the only states that should lie within ~1600 cm -1 (0.2 eV) of the lowest exciton are those in which both electron and hole are in the n = 1 level along both the thickness and the width dimensions (y and z), and n = 1 to about 7 along the long axis. However, the breadth and intensity of the absorption indicates that there must be many other contributing transitions in this region. Presumably these are states in which the electron and hole envelope functions have different quantum numbers along the x direction, but are not orthogonal because the actual potential function is not exactly that of an infinite-walled box. Dozens of such weak transitions should fall within the first ~1600 cm -1 .
In addition, the single-particle particle-in-box eigenstates are, at best, highly approximate models for the actual excitonic wavefunctions because of the rather strong electron-hole interaction relative to the weak quantum confinement energy along the x and y directions. We conclude that the region of the spectrum traditionally labeled the "light-hole" peak probably consists of a large number of individually rather weak excitonic transitions which are, at present poorly characterized. Fully understanding what these transitions are remains a question for further study.
Conclusions
While several previous papers have discussed the Raman, resonance Raman, and surfaceenhanced Raman spectra of CdSe nanoplatelets, this is the first study to make quantitative measurements of the intensities, the first to be carried out in homogeneous solution where the optical absorption spectrum is essentially unperturbed, and the first to relate the measured intensities to a model for the resonant optical transitions. We can state the following conclusions for 4.5 ML CdSe NPLs:
1. The highly structured absorption spectra of NPLs lead to highly structured resonance Raman excitation profiles. Unlike QDs, NPLs exhibit resonance Raman spectra that depend strongly on excitation wavelength and can change rapidly with small variations in resonance condition.
2. The sharp, strong lowest-energy optical transition in CdSe NPLs (heavy-hole component of the lowest-energy spatial exciton) is associated with a small Huang-Rhys parameter for the
